In this study, 18 soapnut biodiesel-diesel blends along with soapnut oil as an additive in some blends were prepared and used in a diesel engine to investigate the effect of oxygen content in the fuel blends on engine performance and emission characteristics. Considering the large variations in the oxygen content of these fuel blends, the obtained results were demonstrated based on varying fuel oxygen content. Findings showed that the best engine performance was achieved with a fuel oxygen content in the range of 1.8%-3.0%, whereas the best engine emissions were obtained with a fuel oxygen content in the range of 0.71%-2.37%. Hence, considering both engine performance and emissions, the optimal zone of fuel oxygen content was found to be in the range of 1.80%-2.37%. Thus, it can be concluded that biodiesel blended fuels having an oxygen content in the aforesaid range can be successfully used in diesel engines with comparable engine performance and emissions to those using diesel fuel. Nevertheless, further research is required to reduce the fuel oxygen content to this optimal range if the blends consist of higher biofuel components. Besides that, the use of suitable additives in the biodiesel blended fuels may be a viable option to achieve the said purpose, which needs further research.
INTRODUCTION
Over the years, the progress in science and technology has changed the lifestyle of humans, which in turn has considerably raised global energy consumption. The demand for fossil fuels has increased accordingly, resulting in faster depletion of the conventional fossil fuel reserves. Furthermore, increase in greenhouse gas content in the atmosphere due to fossil fuel combustion has raised serious concerns for the entire ecosystem. These factors have led to an innovative worldwide search for alternative fuels from renewable sources like biomass. Alternative fuels should be easily available, economically viable, and environmentally acceptable. Biodiesel is one of the promising alternative fuels for diesel engines, which has gained popularity in the past few decades. It mainly consists of methyl and ethyl esters of fatty acids (triglycerides), primarily derived from edible and non-edible straight vegetable oils (SVOs) and animal fats via base catalysed transesterification [1] [2] [3] . Biodiesel can be produced from a variety of SVO feedstocks such as jatropha, karanja, rapeseed, soybean, palm, etc. [2] [3] [4] [5] [6] [7] . Proper utilization of renewable SVOs as fuel, replacing fossil fuel, contributes to climate, water, and soil protection, helps in reducing greenhouse gas emissions, and provide sustainability, regional development, and improvement in agriculture [2, 8] . In developing countries like India and other South-East Asian countries, biodiesel production is mostly concentrated on non-edible oil sources due to a huge demand for edible vegetable oils used for food purposes. Major non-edible oil sources used for biodiesel production in India are jatropha, karanja, jojoba, castor, cottonseed, kokum, mahua, nahor, neem, ricebran, kusum, simarouba, soapnut, tumba, etc. Among these SVO sources, soapnut is a newly found biofuel source and very few literatures are available on production of biodiesel from it. Soapnut or Sapindus mukorossi Gaerth, a member of the Sapindaceae family, is a deciduous tree widely grown in tropical and sub-tropical climate areas in various parts of the world, including Asia, America, and Europe, at altitudes ranging from 200 to 1500 m [9] . It is also found in the Himalayan region in northern India. Soapnut trees naturally grow in deep clayey loam soil and flourish in areas with an annual rainfall of 150-200 cm [10] . The soapnut seed contains 23% oil, which has a high triglycerides percentage of 92% . In addition, the oil content in the kernel of the soapnut seed is approximately 42.7 wt% [10] . The major fatty acids in soapnut oil are oleic (9Z-octadecenoic, C18:1) and eicosenoic (11Z-eicosenoic, C20:1) acids [8] . The high monounsaturated fatty acids content in soapnut oil is its significant feature in comparison with the common fatty acid profiles of vegetable oils. Corresponding to its fatty acid composition, soapnut oil biodiesel potentially exhibits better oxidation stability [11] .
Biodiesel is a renewable, biodegradable, and non-toxic fuel and has comparable fuel properties to diesel. Moreover, biodiesel is more advantageous in comparison to diesel fuel due to its higher flash point, lower volatility, and greater lubricity [2, [12] [13] [14] [15] . Besides that, biodiesel has a lower aromatic compound content, contains 10%-12% oxygen by weight, and is free of sulphur content. Due to the presence of oxygen, a higher degree of oxidation of incompletely burned hydrocarbons, which are generated during combustion, is achieved [16, 17] . This leads to lower carbon monoxide (CO), unburned hydrocarbons (HC), and particulate matter (PM) emissions with biodiesel fuel. However, higher oxygen content in biodiesels produces higher nitrogen oxides (NOx) emissions, which is a major concern [18] [19] [20] [21] [22] . Biodiesel has a higher bulk modulus, sound velocity, viscosity, and cetane number than diesel fuel. These features lead to an advance in start of fuel injection and a short ignition delay [23, 24] . On the other hand, the major disadvantage of biodiesel is its higher viscosity [7, [25] [26] [27] [28] [29] . Higher biodiesel viscosity leads to pumping issues, poor atomization, poor cold-flow properties, coking of injectors, plugging of filters, increased carbon deposits on piston head, etc. [2, 23] . Furthermore, other disadvantages of using biodiesel are its lower volatility, heating value, energy density, rate of heat release, and rate of pressure rise, engine power losses, longer combustion duration, and higher brake specific fuel consumption (BSFC). Chauhan et al. [30] observed lower brake thermal efficiency (BTE) and higher BSFC along with lower HC, CO, CO2, and smoke emissions, and higher NOx emissions for jatropha biodiesel blends compared to diesel fuel. Other than that, Altaie et al. [31] reported that enriched biodiesel blended fuel shows lower brake torque and higher BSFC than diesel fuel due to lower calorific values. Engine emissions such as CO, HC, and NOx were higher due to poor ignition quality. Alptekin [32] showed that use of biodiesel and biodiesel blends in a diesel engine results in higher BSFC, and higher NOx and CO2 emissions, and lower CO and HC emissions compared to diesel. These and many other research works involving biodiesel as fuel in compression ignition (CI) engines show that higher NOx emissions from biodiesel combustion is the major hindrance for its commercial scale production, which is primarily due to its higher oxygen content. Therefore, there is a need to evaluate the suitable range of oxygen content in biodiesels and biodiesel blended fuels, which will ensure comparable engine performance along with acceptable engine emission parameters.
In the present work, biodiesel was produced from soapnut oil and used as fuel in a CI engine in blended form with diesel fuel in suitable volumetric proportions. The aim of the present work is to study the influence of oxygen content in the fuel blends on engine performance and emission characteristics to determine the optimal range of oxygen content in biodiesel fuel for achieving the best engine performance and emissions. Additionally, the role of parent vegetable oil as an additive to biodiesel-diesel blends was also studied to reduce the oxygen content in fuel blends to the optimal range.
MATERIALS AND METHODS

Fuel Sample Preparation
In the present experimental investigation, soapnut oil (SO) was selected as the biofuel source. SO was chosen due to its availability and cost in this locality, and being nonedible in nature and a newly established biofuel source. Neat SO was used to produce soapnut biodiesel (SB) via base catalysed transesterification. SB was prepared using a 10-litre capacity biodiesel reactor (Gobind Machinery Works, New Delhi). For biodiesel preparation, 5 litres of filtered SO was initially fed into the reactor. This was followed by preparation of a reagent mixture consisting of 1 litre (20% by vol.) methanol and 100 g of KOH (base catalyst). The SO in the reactor was initially preheated a little above room temperature followed by feeding of reagent mixture into the reactor. Stirrer speed was maintained at 750 rpm while reaction temperature was sustained at 60°C. The transesterification reaction was continued for 90 minutes and then the product was allowed to settle down for a period of 6 hours. Glycerol was collected first from the bottom of the reactor followed by raw biodiesel. The raw biodiesel was then washed three times with water with a settling period of three hours after each washing. After the final washing, settling, and moisture removal, approximately 3.5 litres of pure SB was obtained.
The prepared SB was then blended with diesel in predefined volumetric basis percentages of 10%, 15%, 20%, 25%, 30%, and 40% and were named as SB10, SB15, SB20, SB25, SB30, and SB40, respectively, along with SB100 i.e. 100% biodiesel. Parent vegetable oil known as SVO i.e. SO, was then used as an additive in small volume percentages of 2.5%, 5.0%, and 10.0% to the already prepared biodiesel blends i.e. SB10, SB15, SB20, and SB25 to prepare a few resulting fuel blends, for example: SB10-SO2.5 (10.0% by vol. of SB, 2.5% by vol. of parent SVO, and the rest diesel), SB10-SO5, SB15-SO2.5, SB15-SO5, and so on. In this way, 18 fuel blends were prepared for the present experimental investigation namely: SB10, SB10-SO2.5, SB10-SO5, SB10-SO10, SB15, SB15-SO2.5, SB15-SO5, SB15-SO10, SB20, SB20-SO2.5, SB20-SO5, SB20-SO10, SB25, SB25-SO2.5, SB25-SO5, SB25-SO10, SB30, and SB40. The aforesaid volumetric proportions of SB and SO for preparing these biofuel blends were considered based on oxygen content in the final biofuel blends.
Next, the 18 fuel blends underwent fuel characterisation using various standard ASTM methods. From the fuel characterisation results, it is evident that the density, viscosity, cloud point, and pour point of the fuel blends increased with an increase in oxygen content. The density and viscosity of all the fuel blends were observed to be in the range of 837-855 kg/m 3 and 3.05-4.16 cSt, respectively. Similarly, cloud and pour points were found to be in the range of 7.0°C-12.6°C and 3.5°C-4.9°C, respectively. A gradual decrease in calorific value of the fuel blends was observed with increase in oxygen content. The calorific value was noticed to vary in the range of 40.74-42.50 MJ/kg. However, critical observations of the results clearly depicted that all the selected fuel blends exhibited comparable physico-chemical properties with diesel. The fuel characterisation tests were followed with evaluation of carbon, hydrogen, and oxygen percentage present in the fuel blends. A CHN-O elemental analyser (Model-Flash 2000) was used for estimating these components for each fuel blend sample. Fuel characterisation results and percentage of oxygen content for each fuel blend obtained from the elemental analysis are tabulated in Tables 1 and 2 , respectively. Fuel blends are reordered according to increasing oxygen content and accordingly their blend number is assigned for future reference (Table 2) . From the CHN-O analysis, it was observed that the variation in oxygen content in all 18 fuel blends is very large i.e. 78.23%. Therefore, it is relevant to use the variations in oxygen percentage as the basis for comparative assessment of the effect of SB blends on performance of the engine.
Experimental Setup
In the present work, a single-cylinder four-stroke water cooled diesel engine was used for evaluating performance and emission characteristics of the 18 fuel blends along with diesel. The test engine was coupled with an eddy current dynamometer and loading was controlled by a load console. Two separate fuel tanks were used along with a two-way fuel supply line for supplying SB blends and diesel separately to the engine. A five gas analyser (AVL Digas 444) and a AVL 437 smoke meter were connected to the test engine for measuring the engine's emissions. The entire engine test was operated by Enginesoft LV software installed on a computer. A schematic diagram and a photograph of the experimental engine setup are shown in Figures 1 and 2 , respectively. Specifications of the test engine are presented in Table 3 . 
RESULTS AND DISCUSSION
From the results, it was observed that there is a wide variation in the range of values for different performance and emission parameters, although qualitatively similar, against varying percentages of oxygen in the fuel blends. Thus, it is necessary to bring down these parameters to a common platform for their comparative assessment. It is a normal practice to bring the varying coordinate axes of different parameters to the same coordinate axes by expressing them as a non-dimensionalised parameter. Since diesel was the base fuel for all the fuel blends in the present work, each engine performance and emission parameters for a particular fuel blend was expressed in terms of a non-dimensionalised parameter with respect to diesel fuel. This non-dimensionalised parameter is defined as the ratio of the value of a given performance or emission parameter for a fuel blend to that of diesel fuel. That is, the value of i th parameter of a specific fuel blend can be expressed as:
As shown in Eq. (1), is expressed as the non-dimensionalised parameter for the i th parameter of a specific fuel blend, whereas i is the given engine performance or emission parameter.
Effect of Fuel Oxygen Content on Engine Performance Parameters
The variations of different engine performance parameters like BTE, brake specific energy consumption (BSEC), and exhaust gas temperature (EGT) against varying percentages of oxygen content in the fuel blends, as obtained from experimentations with the considered fuel blends, are presented in Figure 3 along with necessary discussions on the presented results. Brake Thermal Efficiency BTE is a major engine performance parameter that measures the true power output obtained from the engine shaft. It also specifies the engine's ability to transfer the fuel's chemical energy into mechanical power. It was observed that BTE of the fuel blends overtook that of diesel at about 1.97% oxygen content in the SB blends. Moreover, it was also observed that ( ) increased with increase in oxygen percentage up to 2.37% for the SB fuel blends. Increase in fuel blends' oxygen percentage causes heating value to decrease and less fuel energy is supplied to produce a fixed brake power [33, 34] . Furthermore, it was observed that fuel blends containing more than 1.97% oxygen showed higher BTE than diesel. This may be attributed to the presence of higher oxygen content, which leads to a more complete combustion, thereby resulting in the increase of BTE [33, [35] [36] [37] . Secondly, due to higher density of biodiesel blends compared to diesel, a higher mass of fuel is supplied during combustion, which compensates for the decreased heating value of the fuel blends resulting in increased BTE [33, 35] .
Brake Specific Energy Consumption
It was noted that ( ) decreased with an increase in oxygen percentage up to 2.37% for SB blends. Fuel blends with an oxygen percentage of more than 1.97% performed better showing lower BSEC in comparison to diesel. This may be due to presence of more oxygen that leads to complete combustion, thereby resulting in reduced BSEC [33] . In addition, fuel blends with an oxygen percentage of more than 2.37% showed a slight increase in( ) compared to diesel. This may be attributed to the higher density and viscosity of these blends causing poor atomization and incomplete combustion, that dominated over the gain in heating value due to which the fuel consumption increased slightly [30, 33, 38, 39] . From these results, it may be realized that fuel blends having an oxygen content between 1.975%-2.370% showed lower BSEC than diesel.
Exhaust Gas Temperature
With an increase in oxygen percentage up to 2.37% for SB blends, it was observed that ( ) decreased. The reason could be that the stoichiometric fuel-air ratio increased with the increase in oxygen percentage in fuel blends, which caused the mixture to reach faster the stoichiometric conditions [40] . Nonetheless, beyond the oxygen percentage of 2.37%, ( ) increased, which may be caused by improved combustion due to presence of more oxygen in the fuel blends [41, 42] . Moreover, the most preferable fuel blend was fuel blend number 13, which showed the lowest ( ) amongst corresponding fuel blends. Thus, after considering all the engine performance parameters, the best engine performance was noted for oxygen content between 1.8%-3.0%, irrespective of fuel type, wherein the BSEC for fuel blends was in the minimum range while BTE was in the maximum range.
Effect of Fuel Oxygen Content on Engine Emission Parameters
Exhaust emissions viz. CO, HC, NOx, smoke opacity, etc. are the primary issues affecting the successful performance of CI engines. Literature shows that biodiesels produce significantly lower HC and CO emissions compared to diesel [30, 43, 44] . However, NOx emission increases slightly with biodiesel in comparison with diesel. Additionally, parent vegetable oil used as an additive in biodiesel blends may be one of the possible options to reduce NOx emissions [45] . Non-dimensionalised emission parameters ( ) ,( ) , ( ) 2 , ( ) , and ( ) for SB blends with respect to increase in oxygen content are shown in Figure 4 , which is followed by a detailed explanation of results.
CO emissions
It was observed that with an increase in oxygen percentage in the fuel blends, the CO emissions reduced gradually. This may be due to the lower carbon content of biodiesel blends compared to diesel [46, 47] . Thus, with less carbon in the fuel, there is a better chance that each carbon atom will find two oxygen atoms to bind to form CO2. This result agrees with those of Azad et al. [48] , who used several soybean and waste cooking oil biodiesel blends and reported lower CO emissions in all cases compared to diesel. Another possible reason for lower CO emissions could be that during combustion there may be lower possibility of formation of rich fuel zone with the biodiesel fuel blends due to presence of fuel oxygen, and hence CO emissions got reduced [46] . Furthermore, it is noted that for fuel blends containing more than 2.37% oxygen content, there was a sharp reduction in CO emission compared to diesel. Figure 4 shows that CO2 emissions increased with increase in oxygen percentage in SB blends. The CO2 emissions for all fuel blends were less than that of diesel. This concurs with results obtained by Dubey and Gupta [49] . This is attributed to the fact that biodiesels are low carbon fuels and have a lower elemental carbon to hydrogen ratio than diesel [47, 50] . Fuel blends having an oxygen content of less than 2.32% showed comparatively lower CO2 emissions. Nevertheless, beyond these oxygen percentages, all the fuel blends showed a quick rise in CO2 emissions, which may be attributed to higher oxygen percentage in the fuel blends [51] .
CO2 Emissions
HC Emissions
Studies on CI engines proved that engines running with biodiesel fuel blends resulted in lower HC emissions in comparison to diesel [52] . From Figure 4 , it is observed that HC emissions reduced with increase in oxygen percentage in the fuel blends. HC emissions for all fuel blends were less than diesel, because the major source of HC emission is overmixing. Over-mixing is strongly linked with ignition delay as well as with mixing of air and fuel during combustion period [53] [54] [55] . Both shorter ignition delay and better atomization were responsible for complete combustion and reduced HC emissions. It was also observed that at oxygen percentages higher than 2.37% (blend number [13] [14] [15] [16] [17] [18] , HC emissions were better than those of other fuel blends, with fuel blend number 18 showing the lowest HC emission.
NOx Emissions
From Figure 4 , it is observed that NOx emissions increased with increase in oxygen percentage for all SB blends and are higher than that of diesel. NOx emissions increased further when oxygen content rose higher than 2.37%, i.e. for blend number 13. The possible reasons for this could be advanced injection timing, higher CN, higher viscosity, presence of oxygen, and shorter ignition delay [56, 57] . Advancement of injection timing is responsible for advancing the start of combustion. This may produce higher peak temperature inside the cylinder and may increase the rate of NOx production [56, 57] . Besides that, this also results in a longer residence time, allowing NOx production to continue. Furthermore, higher CN of biodiesel fuel blends shorten ignition delay and thus the start of combustion advances. This results in a significantly longer residence time of higher temperature in the cylinder, creating more time for nitrogen to react with oxygen leading to higher NOx emissions [58] . It was observed that fuel blends number 1 and 18 showed the lowest and highest NOx emissions, respectively, which is in accordance with published literature [59] . 
Combined Effect of Engine Performance with Emissions
From the engine performance analysis, it was evident that oxygen content between 1.8%-3.0% provided the best engine performance whereby the BSEC for fuel blends was in the minimum range while the BTE was in the maximum range. On the other hand, based on results from emission analysis, the CO, HC, and smoke opacity trends satisfied this region as these emissions continuously decreased with an increase in oxygen content, which may be attributed to a more complete combustion with presence of higher oxygen content. This agrees with published literature [60, 61] . On the contrary, results of NOx and CO2 emissions suggested a region of interest from 0.71% (lowest) up to 2.37%. Thus, considering both constraints, engine performance and emissions, the optimal zone of oxygen content for each fuel types were evaluated and are presented in Figure 5 . The range of oxygen content in this optimal zone was found to be 1.80%-2.37%. 
CONCLUSIONS
The present work aimed to study the effect of fuel oxygen content of SB-diesel blends on the performance and emission of a CI engine. From the analysis and wide range of results obtained, it can be concluded that the engine performed at its best when the oxygen content in the fuel blends laid between 1.8%-3.0%. Within this range of oxygen content, the BSEC for the fuel blends was found to be minimum whereas the BTE was found to be maximum for all the considered biodiesel blends. Furthermore, the BTE and BSEC of the biodiesel blends were found to be superior to those of diesel for oxygen content above 1.8%. From the results of emission analysis at the best performing loading condition, the CO, HC, and smoke opacity trends were discovered to continuously decrease with increase in oxygen content in the fuel blends. All these emissions were found to be lower for all SB blends compared to diesel. On the contrary, the results of NOx and CO2 emissions suggested that the region of interest for oxygen content in the fuel blends laid in the range between 0.71% (lowest) to 2.37%. Considering the importance of NOx and CO2 emissions, the suitable region in terms of oxygen content was found to be 0.71%-2.37% for the selected fuel blends. Moreover, considering both engine performance and emissions, the optimal zone of oxygen content was found to be 1.80%-2.37%. Fuel blends within this optimal zone, i.e. fuel blend 8-13 showed better engine performance and lower exhaust emissions. In addition, fuel blend number 13 may be regarded as the best fuel blend in this range owing to its superior engine performance and emission results compared to other fuel blends. Thus, it may be concluded that biodiesel blends having a fuel oxygen content in the range of 1.80%-2.37% can be successfully used as fuel in a diesel engine with at par engine performance, lower CO, HC, and smoke emissions, and acceptable NOx and CO2 emissions. However, this range of oxygen content tends to limit the overall biofuel component in the fuel blend, i.e. up to 25% only, as shown in the present study. Hence, further research is much desirable to increase the overall biofuel component in the blended fuel beyond 25% while maintaining the fuel oxygen content in the 1.80%-2.37% range. Furthermore, research focus may be directed towards use of suitable additives to biodiesel blended fuel to reduce oxygen content to the suggested range.
